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Introduction
Models of the evolution of sexual dimorphism focus on the origin of sexually antagonistic selection that drives phenotypic divergence between the sexes. Much of this theory and associated empirical tests fall under the umbrella of sexual selection (Andersson 1994; Arnqvist and Rowe 2005 ). Yet, in light of the frequent observation of sexual divergence in traits related to resource use, habitat, and other ecological factors, the extent of sexual dimorphism in nature seems unlikely to be fully explained by the direct effects of sexual selection. Theory developed verbally by Darwin (1871) and Selander (1966) ; more formally by Schoener (1977) and Slatkin (1984) ; and extended by Bolnick and Doebeli (2003) and later Cooper et al. (2011) illustrates that it is possible for disruptive natural selection caused by competition for a shared, continuous food resource to drive the evolution of sexual dimorphism in ecologically relevant traits. These models are immediate extensions of models of ecological character displacement between two lineages along a single food resource axis, in which the genetics are modified to accommodate a genome shared by the sexes.
Many empirical studies have found ecologically significant differences between the sexes and invoked this body of competition theory to account for their results. A limitation of many of these studies is that they often fail to exclude the more parsimonious hypothesis (Shine 1989) that the sexes have diverged ecologically as a result of other sources of sex-biased selection that are a more direct outcome of anisogamy, with no direct role for resource competition. That is, we may often expect sexual divergence in traits related to female fecundity or male mating success to result in sexually divergent ecological optima as well, which in turn may lead to the evolution of ecological sexual dimorphism without a need to invoke competitiondriven sexually antagonistic selection. For example, fecundity selection on female body size could lead to the evolution of larger females, which could in turn force females to specialize on a different food resource (or portion of the distribution of a continuous resource) than males in order to meet the nutritional requirements needed to obtain a larger body size (e.g., Belovsky 1978 ). Yet the fact that adult males and females of many species compete or may have competed for resources that in part determine fitness provides a logical appeal to the idea that resource competition may often play a role in the evolution of ecological sexual dimorphism.
Thus, although competition may often contribute to driving ecological divergence between the sexes, it is by no means true that the presence of ecological sexual dimorphism implies that competition-driven character displacement between the sexes has occurred. Testing the hypothesis of eco-logical character displacement between the sexes then requires a framework for excluding alternative sources of sexually antagonistic selection. In the spirit of the critical literature on character displacement between lineages (Grant 1972; Schluter and McPhail 1992; Adams and Rholf 2000; Pfennig and Pfennig 2012; Stuart and Losos 2013) and character displacement between the sexes (Price 1984; Temeles 1985; Hedrick and Temeles 1989) , we can outline a set of minimal criteria for demonstrating a role for resource competition in the evolution of sexual dimorphism. Criterion 1: The sexes have diverged ecologically along a resource axis, with corresponding divergence in morphology that is associated with resource use. Criterion 2: Dimorphism is genetic. Sex differences in morphology must not be due entirely to sex differences in developmental environment. Criterion 3: Resource competition between males and females limits adult resource acquisition, which should be an important contributor to fitness. Criterion 4: The extent of resource competition between males and females can be directly linked to divergence along the axis of ecologically relevant dimorphism.
Note that these criteria differ from those proposed for interspecific character displacement (e.g., Schluter and Mcphail 1992; Stuart and Losos 2013) in the lack of emphasis on sympatry/allopatry differences and species sorting. This is because, in the case of intraspecific character displacement, males and females of the same species must share an evolutionary history in sympatry. Evidence of the first three criteria are necessary, but not sufficient, to reject alternatives to character displacement. The necessity of more direct evidence of a role for competition in tests of character displacement was noted by Hedrick and Temeles (1989) . This fourth criterion will probably be the most difficult to procure evidence for, even if competition is an important contributor to dimorphism, and will probably almost always require manipulative experiments to demonstrate convincingly. Here, the correspondence between theoretical models of resource competition-driven divergence between the sexes and models characterizing divergence between genetically independent lineages can be exploited to provide explicit predictions for experimental outcomes (sensu Schluter 1994 Schluter , 2000a . More specifically, for species in which sexual dimorphism is incomplete (overlap in morphology and resource use still exists), the form and strength of selection on sexual dimorphism is expected to change in specific ways as a result of changes in the frequencies of males and females (sex ratio) and total density of resource competitors.
Here, we compile morphological, ecological, and experimental evidence suggesting sexual divergence in morphology and resource use (criterion 1) in red-spotted newts, Notophthalmus viridescens. Past work and an experiment presented here suggest that adult growth is density dependent (criterion 3). Finally, we take advantage of an overlap in morphological/ecological divergence between males and females, and we conduct a set of manipulative experiments that provide evidence directly linking resource competition to divergence along the axis of sexual dimorphism (criterion 4). First, we outline the predicted experimental outcomes of density and sex ratio manipulations expected under the hypothesis of ecological character displacement between the sexes.
Experimental Predictions

Density-Dependent Fitness
Growth rates should be density dependent. This alone would constitute evidence for criterion 3.
Density-Dependent Selection
Density should change the curvature of the fitness surface, with greater disruptive (divergent) selection along the axis of sexual dimorphism at high density. This would constitute evidence for criterion 4.
Frequency-Dependent Fitness
Sexes should suffer a growth cost with an increase in frequency of the same sex. This would constitute evidence for criterion 1.
Frequency-Dependent Selection
Selection and the variance in relative fitness in a given sex should be strongest when the frequency of that sex is low, even though competition is lower, because the change in fitness per unit change in phenotype should be greater (see fig. 1 ). This is equivalent to the expectation from character displacement between lineages that selection should be strongest after an initial divergence in population means (Schluter 2000b ) and would constitute evidence of criterion 4.
Methods
Study System
Red-spotted newts (Notophthalmus viridescens) are a generalist predatory salamander that spend the spring and summer feeding and breeding in ponds. Adult growth is density dependent (Morin et al. 1983) , and the negative effect of newt density on prey density (Morin et al. 1983 ) and lack of behavior consistant with interference competition for food (S. P. De Lisle, personal observation) suggest that the mechanism of competition is likely exploitative. Resource acquisition is associated with overwinter survival (Grayson 2010) and presumably female fecundity. Evidence also suggests that expression of male tail height, a sexually selected trait, can depend on resource availability (De Lisle and Rowe 2014). Thus, resource acquisition in the adult stage is likely an important contributor to fitness for both sexes.
Frequency Experiment
Adult newt sex ratio was manipulated in a single-factor, two-level, completely randomized experiment conducted in ten 2,650-L artificial ponds at the Koffler Scientific Reserve (King, Ontario; for detailed description of the ponds, see appendix, available online). Two hundred and fifty aquatic adult newts were collected, photographed for individual identification from spot patterns, measured, and added to tanks in a male∶female (M∶F) sex ratio of 9M∶16F or 16M∶9F at a constant density of 25 newts per tank. Snout-vent length, jaw width, jaw length, and head depth (from the lower jaw to the skeletal ridge above the eye socket) were measured from anesthetized newts to two decimal places by the same technician (S. P. De Lisle). These four traits were selected because we had an a priori expectation that they may be ecologically important for a generalist predator; we avoided traits such as tail shape that are clearly sexually selected in newts. Body mass was recorded to three decimal places after first patting excess water from newts with a dry paper towel. Measurements taken following these same procedures are very repeatable (intraclass correlation coefficients 10.98 for all traits measured in De Lisle and Rowe 2014). In order to start the experiment as early as possible in light of the staggered arrival time of newts to ponds of collection, the start of the experiment was staggered by approximately 2 weeks, with two replicates of each treatment started on May 16 and three additional replicates started on June 2. A stratified randomization was used to assign newts to treatments/tanks to ensure that each tank received a similar distribution of male and female phenotypes. Each tank received newts from only one of the two source ponds, and each source pond was equally represented in both treatments in both experiments; thus, any random effects of pond are subsumed in the random effect of tank (see "Statistical Analysis"). On July 16 and August 1, tanks were drained, and all surviving newts were removed and measured following the procedures described above.
Stomach contents were dissected from 100 newts preserved at the conclusion of the experiment for analysis of individual diet. Undigested prey items were identified to order. We classified prey into categories that would be expected to correspond to the different microhabitats used by the sexes (see below). Chironomid larvae, insect nymphs, ostracods, harpacticoid copepods, and chydorid cladocerans were considered to be primarily benthic prey, while planktonic microcrustacea included cyclopoid and calanoid copepods, other cladocera, and rotifers. Although cyclopoids are a diverse group that can in some cases be found in the benthos, cyclopoid copepods were observed at high densities in the water column in our experiments. Taxa that were not placed in either group because of their presence in both habitats included beetles and corixids, although these were included in total counts used in analyses (see below).
Density Experiment
Newt density was manipulated in a single-factor, two-level experiment conducted in the same tank array in 2014. Sixteen ponds were filled in April and inoculated as in 2013. Newts were captured and measured as before and added to tanks on May 22 and 28 either in low density (n p 10; 5M∶5F per tank) or high density (n p 30; 15M∶15F per tank). Treatments were assigned to tanks in a completely randomized design with uneven replication of the density treatments (four high and 12 low) to achieve the same total replication of individuals-and thus power to estimate the fitness surfaces-across density levels. Individuals were assigned to tanks in a stratified randomization as before. Newts were removed on July 10 and measured. On July 3 and 10 (before removing all newts), tanks were observed, and the number of males and females visible either on the top of the benthos or in the water column was recorded. If resource competition within and among lineages is occurring along a phenotype (resource) axis in which divergence among lineages is incomplete, a manipulation of the frequency of each lineage should change the strength of selection and fitness variance in a predictable way. A reduction in frequency of one lineage, here A, should increase the strength of selection on that lineage because resource competition from B disproportionately affects a subset of the individuals in A, while competition will be generally high across phenotypes in B. This expectation of frequency-dependent fitness (co)variance is equivalent to the expectation of an increase in the strength of selection after a divergence in population means between competing lineages. An assumption of this prediction is that the relationship between phenotype and the strength of competition is similar across lineages, which would be expected in the early stages of divergence to which it applies.
Statistical Analysis
Because theoretical models of character displacement treat fitness as an outcome of trait-dependent resource acquisition, a relevant fitness proxy for empirical tests of character displacement must reflect an individual's ability to acquire resources (Hedrick and Temeles 1989) . We used growth rate, calculated as the change in log-transformed mass for individuals between the beginning and end of the experiment, as a fitness proxy. A positive relationship between growth rate and total prey counts at the conclusion of the experiment for the subset of preserved individuals (r p 0.4, P ! .001; fig. A1 , available online) confirmed that our fitness proxy is a measure of resource acquisition, and the lack of an interaction with sex (growth rate # sex: F 1, 96 p 1.36, P p .25) suggests that growth rate is a fitness proxy comparable across the sexes. Further, the high survival in both of our experiments (94.8% in 2013 and 95.4% in 2014; at the upper range of summer survival probabilities estimated in wild newt populations by Grayson et al. [2011] ) and correspondence between growth rates observed in our tanks and those observed in enclosures in the wild (Grayson et al. 2012) further justifies the use of growth rate as a fitness proxy. A linear mixed model was used to assess the effect of sex, treatment (either sex ratio or density), and their interaction on growth rate. Tank was included as a random effect in both models. We used a canonical discriminant function analysis on the standardized traits (see below) to estimate the vector of maximum sexual dimorphism through trait space, separately for each year (experiment). We then assessed relationships between morphology and diet content using mixed-model logistic regression, with individual discriminant function score as the predictor and the number of either benthic or planktonic prey relative to the total as the response. An alternative approach is to examine whether pairwise differences in diet content associate with pairwise differences in morphology (Bolnick and Paull 2009) . We calculated pairwise differences in diet content as PS ij p P k min(p ik , p jk ), where p ik is the proportion of prey taxa k in individual i's diet and p jk is the proportion in individual j's diet (Bolnick et al. 2002) . We converted these diet similarities to differences by taking 1 2 PS ij , such that a value of 1 indicates that individuals have diverged completely in diet, while 0 indicates identical diets. We then plotted these pairwise diet differences against pairwise differences in morphology (Euclidean distance on the discriminant function axis). Extreme heteroscedasticity and statistical nonindependence of the data make formal regression analysis tenuous; instead, we estimated the kernel density of this bivariate distribution to illustrate the patterns in the data.
To assess sex differences in habitat use in the 2014 experiment, we used two generalized mixed models with either the number of males or females observed in a tank out of the total or the number observed in the water column out of those observed as binomial response variables. Both models included newt sex, date of observation, and the interaction as fixed effects as well as density as a covariate. Sex was treated as a G-side random effect with tank as the subject. Date was treated as a residual random effect with the tank # sex combination as the subject, with a compound symmetric error structure; thus, date was a repeatedmeasures variable (Littell et al. 2006) .
For selection analyses, we transformed absolute growth rates by addition of a constant (the absolute value of the most negative growth rate for tanks with negative values to positivize all growth rates; tank mean and minimum growth rates are given in table A1, available online)-because many individuals lost mass, and it is not possible to calculate relative fitness with a mixture of negative and positive valuesand then divided by the transformed mean growth rate to obtain relative fitness (Lande and Arnold 1983) . This was done separately for each tank for two reasons: first, tanks are in essence replicate populations in which competition occurred; second, in comparing selective surfaces across treatments, we were interested in only soft selection. We obtained similar results and qualitative conclusions when relative fitness was calculated across each experiment. Relative fitness was calculated separately for males and females, because sex differences in growth rate that reflect oviposition and so on may otherwise spuriously influence estimates of selection (Schluter and Nychka 1994) . Although we have no way of accounting for among-female differences in fecundity, the consistent relationship between growth rate and resource acquisition across the sexes suggests that standardized male and female growth rates are comparable fitness proxies. We standardized phenotypes to zero mean and unit variance. This was done across the experiment (but by source pond) to keep the same trait space for meaningful comparisons of selection orientation across treatments.
We performed our selection analyses without correcting growth rate or phenotypic traits for body size, because multivariate body size is an important contributor to ecologically relevant sexual dimorphism in newts (see "Results"; fig. 2 ). Nonetheless, for comparison, we repeated our analysis of selection gradients after correcting traits for body size by saving residuals from regressions of relative growth rate, gape, head depth, and jaw length on the first principle component of the correlation matrix of snout-vent length, gape, head depth, and jaw length. Thus, divergent selection in these size-corrected analyses would represent selection on head shape independent of body size. We present the full results of both analyses.
In both experiments, fitness surfaces were compared across treatments using a series of nested mixed models. For the density experiment, this entailed fitting a model with all four traits, the quadratic and correlational terms, and the interaction terms between density and all linear and nonlinear terms and comparing the likelihood to a model without the density # nonlinear interaction terms (Chenoweth et al. 2012) . Tanks were treated as the unit of replication by allowing random (co)variation of linear selection coefficients among tanks nested within treatment.
In order to compare the geometry of fitness surfaces, we split the data by treatment and estimated the g matrix of nonlinear selection separately for each density, again treating tank as the unit of replication. The quadratic regression terms were doubled to obtain the diagonal elements of g (Stinchcombe et al. 2008 ). We performed a canonical rotation (eigen analysis) of each g to identify the magnitude and orientation of nonlinear selection through trait space (Phillips and Arnold 1989). We assessed significance of the eigenvalues of each g matrix by conducting a modification of the permutation test proposed by Reynolds et al. (2010) , where we permuted (1,000#) fitness across phenotypes while keeping the original axes through trait space identified by the canonical analysis of the estimated g instead of performing a new rotation for each permutation (Chenoweth et al. 2012) . Fitness was permuted within tanks, and the F statistics of the permutation were calculated in a mixed model constructed in the same way as before. SAS-IML code to perform this permutation is provided in a PDF file, available online. For the frequency experiment, we compared fitness variance by fitting a mixed model with an intercept and no other fixed effects, and we allowed the tank residual variance in relative fitness to be either the same across the experiment or different for each sex # sex ratio combination, and we compared the likelihood of these two models. Next, we compared linear selection gradients across treatments by fitting a mixed model with all four traits and two-and three-way interactions with sex and sex ratio. We then compared this with a reduced model where selection did not vary by sex, sex ratio, or the three-way interaction. As before, individual tank slopes were treated as a random effect nested within treatment. Following a significant interaction, we split the data by sex and sex ratio and estimated b vectors separately for each. In order to visually assess the differences across sex and sex ratio treatments in the orientation of linear selection in four-dimensional trait space, we calculated the angular distance between each pairwise combination of b vectors normalized to unit length as
We then constructed a 4 # 4 matrix of these pairwise angular distances and performed a principle coordinate analysis in which we retained the first two eigenvectors. We then plotted this two-dimensional ordination for visual assessment of clustering in multivariate space, which would indicate similar orientation of linear selection in the treatment groups clustered together. Finally, we were also interested in estimating nonlinear selection for comparison to the density experiment. We found no significant difference in nonlinear selection across sex ratio treatments and had no a priori prediction for a difference, so we estimated an experimentwide g matrix by fitting a mixed model as above, retaining linear interaction terms. We then performed a canonical rotation of g with significance tests described as above.
Our approach of estimating the direction of maximum nonlinear selection and then assessing the association of this vector with multivariate sexual dimorphism has advantages of statistical power and consistency with theory on multivariate character displacement within lineages (i.e., eigen analysis of the Hessian matrix of invasion fitness; Doebeli 2011). It is also biologically relevant in that significant sexual dimorphism in trait space may exist along the vector of disruptive selection, even if this selection vector is not perfectly aligned with the vector of maximum sexual dimorphism. Nonetheless, we confirmed the validity of our nonlinear approach by performing linear selection analyses in which we modeled sex # trait interactions for fitness, which would indicate that selection is divergent across the sexes.
All statistical analyses and matrix manipulations were performed in SAS v. 9.3 (SAS Institute, Cary, NC), with the exception of diet-overlap calculations, which were performed in the RInSp package in R (Zaccarelli et al. 2013 ). Mixed models were fit by maximum likelihood in the GLIMMIX procedure (with the exception of comparison of residual random effects in the frequency experiment fit by REML). Cubic splines were fit in the framework of a mixed model using the EFFECT statement in GLIMMIX accommodating random variation in the spline effect among tanks. Data underlying all analyses are deposited in the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.md23g (De Lisle and Rowe 2015a).
Results
Ecologically Relevant Sexual Dimorphism
Newts exhibit subtle multivariate sexual dimorphism in head shape and body size, with males having deeper and narrower heads than females ( fig. 2; table 1 ). This morphological sexual dimorphism is statistically significant, although it is noteworthy that dimorphism is incomplete; overlap in morphology between the sexes exists, as reflected in the moderate error rates in the discriminant function analyses (∼20%-30%; table 1). Divergence in morphology is associated with diet variation; the proportion of planktonic microcrustacea in an individual's diet decreases with an increase (more female) in discriminant function score (F 1, 76 p 6.02, P p .0165; fig. 3A ), while the proportion of benthic invertebrates in the diet is positively related to this axis of dimorphism (F 1, 76 p 9.61, P p .0027; fig. 3B ). The distribution of all pairwise differences in diet and morphology indicate that divergence in morphology is always associated with divergence in diet, although individuals of similar morphology vary in the degree of diet overlap ( fig. 3C) This divergence in habitat use is also seen by this population in the wild (S. P. De Lisle, personal observation) and in populations in other parts of the range (Grayson et al. 2012) . Sexual dimorphism in habitat use, diet, and morphology appears to be ecologically relevant; females are more sensitive than males to the presence of juvenile sunfish (De Lisle and Rowe 2014), which specialize on benthic invertebrate prey (Osenberg et al. 1992) , and are more sensitive to the presence of anuran tadpoles (Wilbur and Fauth 1990) , which graze in the benthos.
Density-Dependent Fitness and Selection
In the 2014 experiment, growth rate was reduced with an increase in density for both sexes (F 1, 8.2 p 12.85; P p .0068; fig. 5B ). Multivariate nonlinear selection on body length, gape, head depth, and jaw length differed significantly across density treatments (full analysis: likelihood ratio x 2 10 p16.29, P p .0266; size-corrected analysis: likelihood ratio x 2 6 p 14.4, P p .0254; mixed models with and without density # correlational and density # quadratic interaction terms; table 2). Eigen analysis of the g matrices of quadratic and The proportion of the diet composed of planktonic microcrustacea decreases with increasing (more female) discriminant function score (A; F 1, 76 p 6.02, P p .0165), while the proportion of the diet composed of benthic invertebrates increases with discriminant function score (B; F 1, 76 p 9.61, P p .0027). Discriminant function scores are from a canonical discriminant function analysis of all males and females used in the experiment; this axis defines the vector of maximum sexual dimorphism. Lines are the fitted mixed model logistic regressions. Size of data points is proportional to the total number of prey items in an individual's stomach. In C, all pairwise differences in individual diet are plotted against pairwise differences in discriminant function score. Confidence bands from the kernel density show a positive relationship between diet and morphological differences; divergence in morphology is always associated with divergence in diet, although variance in diet divergence is high for individuals of similar morphology.
correlational selection, estimated separately for each treatment, indicated significant disruptive selection in both treatments in the full analysis but with slightly stronger selection in high density that was also more closely aligned with the vector of maximum sexual dimorphism through trait space than in low density (high density: leading eigenvalue p 0.57, permutation P p .001, correlation with dimorphism vector p 0.65, F 1, 112 p 9.88, P p .002; low density: leading eigenvalue p 0.50, permutation P p .002, correlation with dimorphism vector p 0.51, F 1, 113 p 8.83, P p.004; fig. 6A , 6B; table 3). The curvature along the vector of dimorphism projected onto g (d T gd, where d is the vector of maximum dimorphism through trait space, i.e., the vector of canonical coefficients from the DFA, normalized to unit length) indicated that the changes in shape and orientation of g across density treatments led to a doubling of the strength of nonlinear selection acting on dimorphism in the full anal- Males spend significantly more time in the water column than females (A; sex effect: F 1, 29.03 p 11.28, P p .0022) and are also more likely to be observed in general (B; sex effect: F 1, 32.55 p 11.38, P p .0019) compared with females that are often unobservable in the benthos. Points represent least squares means with 95% confidence intervals from a repeated-measures binomial GLMM. : Growth rate of male and female newts in the two experiments was frequency (A) and density (B) dependent. The sex # sex ratio interaction for growth approached statistical significance (F 1, 224 p 3.69, P p .056); the main effect of density was significant (F 1, 8.2 p 12.85, P p .0068). Points are least squares means and 95% confidence intervals from linear mixed models. the strength of sexually antagonistic selection across density treatments was confirmed by an increase in the strength of the sex # trait interaction for linear selection with density (low density: sex # trait likelihood ratio x 2 4 p 1.76, P p .78, correlation between sex-specific selection vectors p 0.65; high density: sex # trait likelihood ratio x 2 4 p 11.23, P p .024, correlation between sex-specific selection vectors p 0.38).
The effect of density on divergent selection was stronger in the size-corrected analysis, where an increase in density both doubled the strength of disruptive selection and lead to significant alignment with the vector of dimorphism (high density: leading eigenvalue p 1.19, permutation P p .001, correlation with dimorphism vector p 0.67, F 1, 112 p 15.18, P p .0002, d
T g high d p 0.41; low density: leading eigenvalue p 0.58, permutation P p .02, correlation with dimorphism vector p 0.11, F 1, 113 p 0.48, P p .487, d
T g low d p 20.039; fig. 6C, 6D; table 3) . A change in the strength of the linear sex # trait interaction with density confirmed this nonlinear analysis (low density: sex # trait likelihood ratio x 2 3 p 2.44, P p .48, correlation between sex-specific selection vectors p 0.32; high density: sex # trait likelihood ratio x 2 3 p 8.38, P p .039, correlation between sex-specific selection vectors p 0.02). The increased effect of density in the size-corrected analysis corresponds to differences in the association of the axis of disruptive selection with multivariate body size in the full analysis, illustrating the differences in orientation of nonlinear selection across treatments; the first eigenvector of gamma is significantly associated with PC1 at low density (r p 0.23, P p .0139) but not at high density (r p 0.13, P p .152), suggesting a shift from disruptive selection on body size to selection on head shape with an increase in density.
Frequency-Dependent Fitness and Selection
In the 2013 experiment, the sexes suffered reduced growth with an increase in the frequency of the same sex (F 1, 224 p 3.69, P p .056; fig. 5A ). There was a trend toward a sex # sex ratio interaction for variance in relative fitness (likelihood ratio x 2 3 p 4.81, P p .0789; mixed models with and without sex # sex ratio specific residual variances; fig. 7 ). Linear selection vectors differed significantly by sex and sex ratio in the full analysis (likelihood ratio x 2 12 p 18.45, P p .0274; mixed models with and without sex, sex ratio, and sex # sex ratio interactions with selection). A principle coordinate analysis of the 4 # 4 matrix of angular distances between each linear selection vector (from 07 to 907) indicated that selection was generally divergent by sex and sex ratio ( fig. 8 ). Canonical analysis of the experimentwide g matrix of nonlinear selection estimated in the full analysis indicated disruptive selection that was nearly significant in a permutation test (leading eigenvalue p 0.26, permutation P p .088, correlation with dimorphism vector p 0.40, F 1, 235 p 40.39, P ! .0001; fig. 9A ), with disruptive curvature observed along the vector of maximum dimorphism (d T gd p 0.134). Correcting for body size had the effect of reducing the strength of sexually antagonistic selection in both the linear analysis (sex # sex ratio interaction for linear selection: likelihood ratio x 2 10 p 8.81, P p .55) and nonlinear analysis (leading eigenvalue of gamma p .78, permutation P p .196, correlation with dimorphism vector p 0.22, F 1, 235 p 1.35, P p .247; fig. 9B ). However, the projection d T gd p 0.145 suggests weak disruptive curvature along the vector of dimorphism, which primarily arises from a strong association between dimorphism and the second eigenvector of g (correlation with dimorphism vector p 0.62, F 1, 235 p 58.91, P ! .0001; fig. 9C ). This reduction in the strength of divergent selection after correcting for body size reflects the association between disruptive selection in the full analysis with PC1 (r p 0.53, P ! .0001).
Discussion
We have outlined the essential criteria for testing theoretical models of the evolution of sexual dimorphism driven in part by resource competition and have marshalled evidence for such a test from a sexually dimorphic salamander. We tested the most important criterion-demonstration of a direct link between competition and divergence along the axis of dimorphism-in a set of artificial pond experiments in which fitness and the strength and form of selection on ecologically relevant sexual dimorphism changed with both density and sex ratio in the manner predicted if resource competition is and has contributed to divergence between the sexes. Despite modest power, all effects of interest were in the direction predicted by theory and were statistically significant or approached significance in two-tailed tests. We present no evidence for the genetic basis of sexual dimorphism (criterion 2); however, there is some evidence of genetic variation in body size in Notophthalmus (Kurzava and Morin 1994) , the trait in our analysis with probably the greatest environmental variance component. Further, we found no plastic change in morphological sexual dimorphism (see appendix). Thus, our results suggest a direct role for resource competition be- tween the sexes in the evolution of multivariate sexual dimorphism in newts. Our work also provides a counterpoint to past suggestions that hypotheses on the direct contribution of ecology to the evolution of sexual dimorphism may be impossible to test (Shine 1989) ; demonstration of patterns of selection that are unique predictions of the theory on character displacement provides the possibility to reject the null hypothesis that such ecological sexual dimorphisms are purely an outcome of selection more directly related to the sex roles. All of the proposed criteria for character displacement between the sexes have been emphasized at one point by workers interested in empirical tests of competition-driven sexual dimorphism (Temeles 1985; Hedrick and Temeles 1989; Shine 1989; Temeles et al. 2000) and as a whole may provide a general framework for direct empirical tests of ecological causes of sexual dimorphism. However, there may often be obstacles to verifying each criterion in some systems. Although the first criterion may represent justification for hypothesizing competition as a driver of a given dimorphism, it is notable that many empirical studies citing evidence for character displacement between the sexes fulfill only this first criterion (Schoener 1977; Dayan and Simberloff 1994; Meiri et al. 2005; Butler et al. 2007 ) and have thus failed to reject alternative hypotheses for the evolution of sexual dimorphism. Further, showing a causal link beyond just a correlation between morphological variation and resource use may provide the most compelling evidence for the first criterion. The third criterion-that competition between the sexes for food resources occurs (or at one point in the lineages history occurred) at the life stage that dimorphism is expressed-may eliminate some taxa out of hand (e.g., some holometabolous insects that feed primarily before the onset of expression of sexual dimorphism). In addition, fitness proxies that represent resource acquisition may be difficult to obtain for many taxa that grow little after sexual maturity (but nonetheless feed), such as birds and mammals. Finally, although it is difficult to imagine how evidence could be procured for criterion 4 in the absence of an experiment, it may be possible to do so. For example, Bolnick and Lau (2008) showed a reduction in the strength of disruptive selection with increasing ecologically relevant sexual dimorphism across populations of stickleback, which is perhaps the best previously available evidence explicitly linking resource competition to the evolution of sexual dimorphism.
Two noteworthy open questions arise out of our work: (1) why does overlap in morphology between the sexes still exist if sexually antagonistic selection has been acting and (2) how might competition contribute jointly with other forms of sexually antagonistic selection in the evolution of a given sexual dimorphism. There are several possible explanations-most of which could also apply to character displacement between lineages-for why sexual dimorphism in newts is incomplete (still much overlap), despite experimental outcomes presented here that suggest sexually antagonistic selection should lead to further divergence in size and head shape between the sexes. First, if competition for a continuous resource is contributing to sexually antagonistic selection, as suggested in our experiments, the negative frequency-dependent nature of fitness may lead to the maintenance of a stable fitness minima near the center of the resource (phenotype) distribution (Rueffler et al. 2006 ). This effect would also distinguish sexually antagonistic selection arising from resource competition from several other models of sexually antagonistic selection, which in some cases predict more open-ended divergence between the sexes and may invalidate the prediction that sexual dimorphism driven by competition is expected to covary with density across pop- ulations (Stamps et al. 1997) ; under some resource distributions, we may expect the dynamics of frequency-dependent selection to change with density while mean sexual dimorphism remains constant and centered around a fitness minima. In particular, we expect sexual dimorphism to reach a stable equilibrium value, with potentially much overlap, when the decline in resources with distance from the optimum phenotype is greater than the strength of frequency dependence (Slatkin 1984; Bolnick and Doebeli 2003) ; although we present evidence of frequency-dependent fitness, the strength of this frequency dependence appears relatively low. Such an outcome may also depend on the degree and shape of multivariate genetic independence between the sexes. In addition, if density dependence occurs via more than one mechanism (i.e., not simply through the resource axis along which displacement is expected to occur), then it is possible for less divergence or even phenotypic convergence between competing lineages (Abrams 1986 ). In reality, the assumption of a single dimension of density dependence is probably violated for many study systems. In our experiments, no statistically significant stabilizing selection was observed, although the magnitude of negative eigenvalues of g did increase slightly with density (sum of negative eigenvalues: full analysis: low p 20.23, high p 20.36; size corrected: low p 20.18, high p 20.42), consistent with competition driving convergence (stabilizing selection) as well as divergence in different dimensions through trait space. Although growth rate is a relevant fitness proxy in experiments on character displacement (see fig. A1 ), the correlation with true fitness may determine the magnitude of divergence between the sexes. That is, selection on other fitness components may counteract that arising from resource competition; in newts, it is possible that different costs of microhabitat used by the sexes, such as parasite abundance (e.g., Reimchen and Nosil 2001 ; which could create the sex differences in parasite load seen by De Lisle and Rowe [2015c]), could constrain divergence in morphology. Finally, it is possible that temporal variation in resource abundance in wild newt populations may make competition-driven sexually antagonistic selection variable in strength and direction. Although sexual dimorphism along the leading eigenvector of nonlinear selection was observed in both years of our experiments, there were also substantial differences in the strength of selection and its correlation with dimorphism. Divergent selection in the highdensity experiment was primarily acting on head shape independent of body size, while divergent selection in the lowdensity experiment and the 2013 experiment was acting on a combination of head shape and multivariate body size, suggesting that factors such as density and among-year variation may change the relative contribution of head shape and body size to divergent selection acting on the sexes.
Our work provides evidence of a role for resource competition in contributing to sexually antagonistic selection. Although assessing the contribution of competition relative to other sources of sexually antagonistic selection may be seen as the next step in empirical tests of character displacement between the sexes, we believe that resource competition is unlikely to be the sole contributor to the evolution of any given sexual dimorphism. This point was acknowledged by Slatkin (1984; and others since, e.g., Temeles 1985; Hedrick and Temeles 1989; Bolnick and Doebeli 2003) , whose aim was to explore the possibility that competition alone can lead to sexual divergence yet has probably been underappreciated by many. In reality, competition may be seen as one of many sources of sexually antagonistic selection that could act at some point during the evolution of a given sexual dimorphism. In this light, a role for competition in the evolution of sexual dimorphism becomes much more likely. For example, divergent selection during character displacement is expected to be strongest after some divergence in lineage means but weak initially (Doebeli 1996; Schluter 2000b ). This can be seen as a criticism of arguments for competition driving divergence between lineages, since the time frame to achieve initial divergence can be substantial (Schluter 2000b ). In the case of the sexes, it is possible that sexually antagonistic selection arising from other sources (e.g., sexual selection or other sex-biased selection) could drive initial divergence in trait means, with competition then coming into play to accelerate the evolution of sexual dimorphism. Such a scenario might be expected in cases where ecological opportunity is sex specific (e.g., De Lisle and Rowe 2015b), and thus initial divergence may lie along a resource axis through which competition can occur. For example, in newts, sex-biased selection arising from other sources besides competition also probably acts or has acted on habitat use and morphology; females spend a substantial portion of the spring ovipositing in the benthos and probably also avoid superfluous male mating attempts (Grayson et al. 2012 ), while males may be able to search for mates (visually and chemically) more efficiently in the open water. The idea that resource competition-driven sexually antagonistic selection may align with other sources of sex-biased selection, such as sexual selection or female fecundity selection, may have important implications in studies of sexual dimorphism at higher levels of biological organization, for example, the role of sexual divergence in adaptive radiation. Past theoretical work indicates that character displacement between the sexes may prevent ecological speciation (Bolnick and Doebeli 2003) , yet this expectation falls apart if the sexually antagonistic selection driven by resource competition is aligned with divergent adaptive peaks that are sex specific (De Lisle and Rowe 2015b). The dominant eigenvalue (curvature) approached statistical significance in the full analysis (leading eigenvalue p 0.26, permutation P p .088; A) and was significantly associated with sexual dimorphism (correlation with dimorphism vector p 0.40, P ! .0001; A). Correcting fitness and all traits for body size reduced this nonlinear relationship along the first eigenvector (leading eigenvalue p 0.78, permutation P p .196, correlation with dimorphism vector p 0.22, P p .24; B), indicating that disruptive selection in the full analysis is associated with body size. Examination of the second eigenvector of the size-corrected gamma indicates that weak curvature does associate with size-corrected dimorphism (leading eigenvalue p 0.22, permutation P p .125, correlation with dimorphism vector p 0.62, P ! .0001; C). Gray circles are males, black circles are females.
